Tumor cell invasion is a process regulated by integrins, matrix-degrading enzymes, and interactions with host tissue stromal cells. The ADAM family of proteins plays an important role in modulating various cellular responses. Here, we show that an alternatively spliced variant of ADAM9 is secreted by hepatic stellate cells and promotes carcinoma invasion. ADAM9-S induced a highly invasive phenotype in several human tumor cell lines in Matrigel assays, and the protease activity of ADAM9-S was required for invasion. ADAM9-S binds directly to A 6 B 4 and A 2 B 1 integrins on the surface of colon carcinoma cells through the disintegrin domain. ADAM9-S was also able to cleave laminin and promote invasion. Analysis of human liver metastases revealed that ADAM9 is expressed by stromal liver myofibroblasts, particularly those that are localized within the tumor stroma at the invasive front. These results emphasize the importance of tumor-stromal interactions in invasion and suggest that ADAM9-S can be an important determinant in the ability of cancer cells to invade and colonize the liver. (Cancer Res 2005; 65(11): 4728-38) 
Introduction
The process of tumor cell invasion and metastasis is conventionally understood as the migration of tumor cells that detach from the primary tumor, enter lymphatic vessels or the bloodstream, and seed in distant organs (1) . Tumor cell invasion is a process regulated by integrins, matrix-degrading enzymes, and cellcell interactions with host tissue stromal cells and cell-matrix interactions with components of the extracellular matrix (ECM). Thus, during the invasive process, tumor-stromal interactions are essential for inducing tissue remodeling and promoting tumor cell migration across the ECM barrier at both primary and metastatic sites (2) .
The liver is a preferential site of metastasis from a variety of tumors, such as colon cancer, breast carcinoma, and melanoma (3) . In liver metastasis, the local host stroma, a complex mixture of fibroblasts, myofibroblasts, endothelial cells, and inflammatory cells, is considered to play a crucial role in the infiltration and colonization of the organ by metastatic cells, such that the outcome of metastasis depends on multiple interactions of metastatic cells with the stromal cells in the liver microenvironment (4) . Morphologic evidence suggest that hepatic stellate cells (HSC) contribute to the genesis of myofibroblasts surrounding colorectal liver metastases (5, 6) . HSCs are multifunctional liver mesenchymal cells residing around the endothelial cells in the space of Disse. Following acute or chronic liver tissue injury, HSCs undergo a process of activation toward a myofibroblast-like phenotype characterized by increased proliferation, motility, contractility, and synthesis of ECM components and matrixdegrading enzymes (7) . HSCs become activated when exposed to soluble factors released by melanoma cells and, in turn, release factors, which directly influence cancer cell motility (8) . Consequently, it has been proposed that HSCs may contribute to the development of the metastatic stroma and also influence the local invasion of metastatic cells. However, the mechanisms underlying this process remain largely undefined.
The ability of tumor cells to invade and colonize different tissues depends on their ability to remodel the host tissue ECM, a process attributed to the secretion of a variety of proteases from both tumor cells and activated stromal cells (9) . The proteolytic modification of the ECM by metalloproteases allows malignant cells to locally invade and form distant metastases (10) . The demonstration of the tumor-stroma interdependence is provided by the fact that most of the proteolytic enzymes localized at the invasive front are produced by host stromal cells and not by the invading tumor (11) (12) (13) (14) . The ADAM family of proteins is a group of metalloproteases that belong to the zinc protease superfamily. ADAMs are transmembrane proteins that contain both disintegrin and metalloprotease domains and therefore have both cell adhesive and protease activities (15, 16) . Thus, ADAMs have the potential to be key modulators of cell-matrix interactions through the activities of their constituent domains. Previous studies have suggested a role for the ADAM proteins in regulating tumor progression. For example, ADAM15 binds to a v h 3 -expressing melanoma cells (17) , whereas ADAM12 binds to several cancer cell lines through cysteine-rich domain-syndecan interactions (18) . ADAM9 has been shown to bind to a 6 h 1 -expressing fibrosarcoma cells through an integrin-binding motif leading to a marked induction of cell motility (19) . ADAM9 (also known as meltrin g or metalloprotease disintegrin cysteine-rich protein-9) is an 84-kDa, membraneanchored cell surface protein widely expressed in human tissues (20) . The metalloprotease domain of ADAM9 has been implicated in ectodomain shedding of membrane-anchored heparin-binding epidermal growth factor-like growth factor (20) and may also have proteolytic activity toward ECM proteins (21) . Despite these observations, the role of ADAM9 in cancer progression has not been explored. However, it was recently reported that in breast carcinoma increased expression of ADAM9 correlates with cancer progression (22) and elevated mRNA levels of both ADAM9 and ADAM12 have been found in liver metastases from colon carcinomas (23) . Moreover, overexpression of ADAM9 in nonsmall cell lung cancer correlates with metastasis to the brain (24) .
In this study, we employed activated stromal liver myofibroblasts to study tumor-stromal interactions during invasion of carcinoma cells, which preferentially metastasize to the liver. We found that a soluble form of ADAM9 secreted by activated HSCs induces colon carcinoma cell invasion in vitro and that this requires both protease activity and binding to the a 6 h 4 and a 2 h 1 integrins.
Materials and Methods
Materials. Murine Engelbreth-Holm-Swarm (EHS) laminin-1 purified from basement membrane of EHS sarcoma was purchased from Sigma Chemical Co. (St. Louis, MO). Matrigel was from Collaborative Biomedical Products (Bedford, MA); Iscove's medium and DMEM were from Invitrogen (Carlsbad, CA). All other chemicals were laboratory reagent grade.
Cell culture. WRL68, HepG2, MCF-7, clone A, and MDA-MB-231 cell lines were obtained from American Type Culture Collection (Manassas, VA) and maintained in DMEM or RPMI (clone A) supplemented with 10% fetal bovine serum. OMM2.3 cells were grown in RPMI.
Isolation of hepatic stellate cells. Human HSCs were isolated from wedge sections of normal human liver unsuitable for transplantation as described previously (25) . Cells were cultured in Iscove's modified DMEM supplemented with insulin, glutamine, and 20% fetal bovine serum.
Microscopy. Cells were plated on glass coverslips in the presence of serum-containing medium, fixed with 2% paraformaldehyde, and permeabilized with 1% Triton X-100. Coverslips were blocked with 20% heatinactivated normal goat serum and incubated with TRITC-phalloidin (Molecular Probes, Eugene, OR, Invitrogen). Staining was visualized by confocal scanning laser microscopy (MRC-1024, Bio-Rad Laboratories, Hercules, CA).
Fast protein liquid chromatography. Conditioned medium (CM, 2 L) was collected, filtered through a 0.22 Am filter, and concentrated 50-fold using a Vivaflow 70 5-kDa mass cutoff (Sartorius, Edgewood, NY). The concentrate was applied to Superose 12 HR10/30 column (Amersham, Piscataway, NJ) equilibrated with 50 mmol/L Tris-HCl (pH 7.5). The column was eluted at 0.4 mL/min, and 0.5 mL fractions were collected, dialyzed, and assayed for Matrigel invasion activity. The peak was pooled, applied to a UNO Q1 anion exchange chromatography column (Bio-Rad Laboratories), and chromatographed with a linear gradient of 0 to 0.6 mol/L NaCl, 1.0 mL/min.
Mass spectrometry. Mass analysis was done using the Ciphergen SELDI Protein Biology System II (Ciphergen Biosystems, Inc., Fremont, CA). Protein bands excised from SDS polyacrylamide gels were subjected to ingel digestion with trypsin, and resulting peptides were spotted on a SELDI ProteinChip array with a hydrophobic surface. The spots were washed with 10% acetonitrile and 5 mg/mL (a-cyano-4-hydroxy cinnamic acid) in 50% acetonitrile, and 0.5% trifluoroacetic acid was added to the surfaces. Mass identification was made by averaging 150 shots in Ciphergen Biosystems Protein Biology System II. Proteins were identified by searching the publicly available National Center for Biotechnology Information database.
Matrigel chemoinvasion assay. Matrigel chemoinvasion assays were carried out essentially as described previously using chemotaxis chambers (Neuro Probe, Inc., Gaithersburg, MD) with 8 Am pore filters (Nucleopore, Millipore Corp., Billerica, MA; ref. 26) . Briefly, filters were coated with Matrigel and cells were added to the upper chamber. HSC-CM, chromatography fractions, purified recombinant ADAM9-S (20 Ag/mL), or NIH3T3-CM (control) were applied to lower chamber. Assays were carried out for 12 hours, after which cells on the upper surface of the filter were removed and filter stained with crystal violet. Cells on the bottom side of the filter were counted. For invasion on laminin, filters were coated with 20 Ag/mL EHS laminin-1.
RNA isolation and PCR. Total RNA from human HSCs was isolated with TRIzol (Life Technologies, Carlsbad, CA, Invitrogen). After reverse transcription of 500 ng total RNA by oligo(dT) priming, the resulting singlestranded cDNA was used for amplifying ADAM9-S by PCR using the following oligonucleotides: sense 5V-GCGGGATCCACGCCGA-GATGGGGTCTGGCGCG-3V and antisense 5V-CTCGAGAAATTTCAGTGA-CAGCCCAGTGGCACA-3V. The amplified fragment was subcloned into the pcDNA4/TO/Myc-His A vector (Invitrogen) and verified by sequencing.
Transient transfection. Cells were transiently transfected with ADAM9-S or vector alone control using the LipofectAMINE reagent (Life Technologies, Invitrogen) according to the manufacturer's directions. After 24 hours, cells were resuspended in serum-free medium containing 0.1% bovine serum albumin (BSA) and used for chemoinvasion assays.
Cell proliferation assay. Cells were seeded at 5 Â 10 3 per well in 96-well plates. HSC-CM or control medium was added after 12 hours at day 0. HSC-CM was changed every 48 hours and growth was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt proliferation assay (Promega Corp., Madison, WI).
Flow cytometry analysis. For flow cytometry analysis, clone A cells were trypsinized, harvested, and washed with in DMEM. Cells were preincubated with human recombinant ADAM9-S (R&D Systems, Inc., Minneapolis, MN) for 30 minutes. Primary monoclonal antibodies (mAb; anti-a 2 : HAS3, antia 6 : 2B7, anti-h 1 : mAb13, and anti-h 4 : 3E1) were bound to cells, after which cells were washed and incubated with goat anti-mouse FITC. Fluorescence was analyzed using a FACScan flow cytometer (Beckman Coulter, Inc., Fullerton, CA).
Adhesion assay. Cell adhesion assays to recombinant ADAM9-S were carried out in 96-well plates, which were precoated with 10 Ag/mL ADAM9-S. Nonspecific sites were blocked with 2% BSA. Before binding, cells were preincubated with anti-integrin antibodies (a 2 : P1E6, a 3 : P1B5, a 5 : mAb16, a 6 : a 6 : GoH3, h 1 : mAb13, and h 4 : 3E1) at a final concentration of 10 Ag/mL in PBS containing 1 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , and 0.5 mmol/L MnCl 2 . After 1 hour at 37jC, 0.2% glutaraldehyde (100 AL) in PBS was added, and bound cells were fixed. Nonadherent cells were removed by washing in PBS. Cell adhesion was determined by staining with crystal violet and quantified by measuring absorbance at 595 nm.
Protein immunoblotting, immunoprecipitation, and zymography. For immunoblot analysis, cells were lysed in lysis buffer [50 mmol/L TrisHCl (pH 7.4), 1% Igepal, 150 mmol/L NaCl, 5 mmol/L EDTA (pH 7.4)] and protease inhibitor cocktail (Sigma-Aldrich). Proteins were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes and ADAM9 was detected with an anti-ADAM9 polyclonal antibody (2 Ag/mL, Chemicon, Temecula, CA). For immunoprecipitation, clone A cells were lysed with lysis buffer, and lysates were incubated with anti-integrin antibodies [anti-a 2 : CD49b (Chemicon), anti-a 3 : P1B5 (Chemicon), anti-a 5 : P1D6 (Chemicon), anti-a 6 : GoH3 (Beckman Coulter), anti-h 1 : N29 (Chemicon), and h 4 : 3E1 (Chemicon)] and protein G-agarose. Immunoprecipitates were separated on SDS-PAGE, transferred to nitrocellulose, and immunoblotted. For zymography, purified ADAM9-S was resolved under native conditions on 10% SDS-PAGE with 1 mg/mL gelatin and gelatinolytic activity was detected as described previously (27) . For laminin zymography, human recombinant ADAM9-S (1 Ag) was resolved on 10% SDS-PAGE under nonreducing conditions, containing 0.5 mg/mL laminin-1. Gels were washed thrice with 2.5% Triton X-100 and once with a buffer consisting of 20 mmol/L Tris-HCl, 500 mmol/L NaCl, 5 mmol/L CaCl 2 , and 0.5 mmol/L ZnCl 2 (pH 7.4). Where indicated, 1,10-phenanthroline (100 Amol/L) was added during zymography. Gels were incubated overnight, stained with Coomassie blue, and destained with water.
Immunohistochemistry. Liver tissues were obtained from 19 patients who had undergone resection for liver metastases from colorectal tumors and from 4 patients affected by uveal melanoma who had undergone liver biopsy. Informed consent was obtained from all patients before the procedures and the study was approved by the Institutional Ethical Committee. Tissue sections were taken from the interface between the tumor and the adjacent liver (junctional specimen) as well as from liver at distance from the tumor (distant normal specimen). In the junctional specimens, four distinct areas were examined: (a) the tumor; (b) the capsule, if present; (c) the junction between tumor and adjacent liver (arbitrarily defined as between the interface of tumor-liver or capsule-liver and 2 mm away from this junction); and (d) close ''normal'' liver defined as the region between 2 and 4 mm from the tumor-liver or capsule-liver ADAM9 Promotes Carcinoma Invasion www.aacrjournals.org interface. Tissue sections were collected onto glass slides, fixed, and incubated sequentially with anti-ADAM9 antibody (50 Ag/mL) followed by incubation with the alkaline phosphate anti-alkaline phosphatase complex as described (28) . Activated HSCs were detected with anti-smooth muscle actin (SMA; clone 1A4, Sigma Chemical).
Statistical analysis. Data were analyzed using the unpaired t test. P = 0.05 was considered statistically significant.
Results
Activated hepatic stellate cells promote Matrigel chemoinvasion. We first evaluated the ability of rat liver and spleen extracts to stimulate invasion through Matrigel in vitro. Liver extracts induced a 3-fold increase in invasion of clone A (colon carcinoma), MDA-MB-231 (breast carcinoma), and OMM2.3 (uveal melanoma) cells when compared with spleen extracts or control (Fig. 1A) . Therefore, the liver contains significant migration and invasion-promoting activities for cells that are derived from tissues that preferentially metastasize to the liver. CM collected from activated human HSCs also potently induced carcinoma invasion of these cells lines (Fig. 1A) . Conversely, medium collected from the nontransformed hepatocyte-derived cell line WRL68 did not promote invasion. The ability of HSC-CM to induce cell proliferation was also evaluated, but no significant differences in growth were observed when compared with control (Fig. 1B) . HSC-CM induced a 10-fold increase in clone A invasion compared with medium collected from quiescent HSCs (Fig. 1C) . Although increasing concentrations of HSC-CM stimulated Matrigel chemoinvasion, a classic bell-shaped concentration curve was not observed, suggesting that soluble factors released by activated HSCs do not function as classic chemoattractants.
We next tested the effect of CM from quiescent and activated HSCs on carcinoma cell morphology. Clone A cells treated with CM from activated HSCs showed a motile scattered morphology with spread cells projecting filopodia and lamellapodia (Fig. 1D) . Conversely, cells treated with CM from quiescent HSCs retained the conserved epithelial morphology similar to those treated with control medium. In tumor cells, actin polymerization is required for filopodia and lamellapodia formation, which are in turn needed for invasion (29) . Clone A cells treated with wither serum-free medium or CM collected from quiescent HSCs showed F-actin staining in stress fibers, whereas cells treated with CM from activated HSCs revealed intense F-actin staining in the periphery of the cells and a redistribution of F-actin toward the leading edge (Fig. 1D) . These data show that soluble factor(s) released by activated HSCs induces an aggressive invasive phenotype in carcinoma cells.
Identification of ADAM9-S. To identify the soluble factor(s) released by activated HSCs capable of promoting carcinoma invasion, we fractionated HSC-CM on fast protein liquid chromatography using gel filtration and anion exchange chromatography. The resulting fractions were assayed for their ability to induce carcinoma invasion in the Matrigel assay ( Supplementary  Figs. S1A and S1B) . The peak active fractions were resolved by SDS PAGE and silver stained, and a single protein band at 55 kDa directly correlated with invasion-promoting activity (Supplementary Fig. S1C ). The 55-kDa band was excised from a parallel, unstained gel and subjected to in-gel digestion with trypsin. The resulting peptides were analyzed by surface laser-enhanced desorption ionization-time of flight mass spectrometry. A protein-free gel digest was also run in parallel to identify signals associated with autolysis of the trypsin and potential proteolytic fragments of contaminant proteins (Fig. 2A) . A total of 17 unique peptides were used for a ProFound search of human protein sequences between 0 and 150 kDa (Fig. 2B) . Each peptide sequence was used to search the publicly available SwissPROT and TrEMBL databases using the IdenTag search algorithm and consistently returned the secreted form of the ADAM9 (ADAM9-S) protein as exactly matching the peptide sequences obtained in mass spectrometry analysis.
Activated hepatic stellate cells express ADAM9. The above results suggest that ADAM9-S, secreted by activated HSCs, could promote carcinoma invasion. To test this hypothesis, Matrigel invasion assays were carried out using purified ADAM9-S. Purified ADAM9-S and HSC-CM potently induced chemoinvasion of clone A and MDA-MB-231 cells ( Fig. 3A; data not shown). Moreover, this activity was blocked when ADAM9-S was immunodepleted with a specific anti-ADAM9 antibody but not with control IgG. Immunodepletion of HSC-CM with anti-ADAM9 did not completely eliminate invasion, suggesting the presence of soluble factors distinct from ADAM9-S released by HSCs, which are also able to promote invasion (Fig. 3A) .
To investigate the expression of ADAM9-S during the activation of HSCs, immunoblotting was done on total cell lysates and culture medium obtained from 2-day-old quiescent cells and from two distinct passages of the same culture of activated HSCs (Fig. 3B ). This analysis revealed that the expression of ADAM9-S occurred during the transition from a quiescent state to an activated state, as no ADAM9-S expression could be detected in freshly isolated, quiescent HSCs. In addition, neither hepatocyte-derived cell lines (WRL68 and HepG2) nor noninvasive carcinoma cells (MCF-10A and Caco-2) revealed any detectable ADAM9-S expression (Fig. 3B) . Interestingly, we also detected expression of the longer ADAM9-L variant in activated HSCs as well as the pro-ADAM9-L form, which includes the prodomain (Fig. 3B) . Supplementary Fig. S1 (top ) and of a protein-free sample processed in parallel (trypsin control, bottom ). Based on the internally calibrated peptide masses derived from the spectrum, the protein was identified as ADAM9-S. Tryptic fragment masses unique to the ADAM9-S band are labeled with asterisks . The residues covered by the identified fragments are indicated in parentheses . Unidentified fragments are denoted by x . B, mass spectrometry fingerprint obtained from the peptides in A, showing the matched and computed masses obtained by the spectrum and the peptide sequences corresponding to ADAM9-S. ADAM9 was originally cloned as an 84-kDa transmembrane protein comprising 819 amino acids with a characteristic domain structure, which include a prodomain, a metalloproteinase domain, a disintegrin-like region, a cysteine-rich domain, an epidermal growth factor-like domain, a transmembrane domain, and an intracellular tail ( Fig. 3C; ref. 20) . Analysis of the human genome map in the Celera database (30) revealed the presence of an additional predictive ADAM9 transcript, which encodes a shorter form of ADAM9 that lacks the transmembrane and cytoplasmic domains (31) . This transcript shares all 19 exons found in transmembrane form, except for 1 additional exon, designated exon 12, which is absent in the transcript that encodes the transmembrane form. However, Northern blot analysis revealed the presence of a single band of 4.1 kb (data not shown). By reverse transcription-PCR (RT-PCR) analysis, we detected the presence of exon 12 in activated human HSCs (Fig. 3C) . PCR-amplified exon 12 products were purified, subcloned, and verified by sequencing to reveal that this exon has 122 bp that encode 9 amino acids not present in the transmembrane form of ADAM9 (ADAM9-L) and, in addition, inserts a TGA stop codon. The PCR analysis also revealed a smaller fragment lacking the 122-bp exon 12, further evidence of the presence of an ADAM9-L transcript in activated HSCs (Fig. 3B and C) . Thus, activated HSCs express both the transmembrane ADAM9-L protein and the alternatively spliced secreted soluble variant, ADAM9-S.
ADAM9 Promotes Carcinoma Invasion
ADAM9-S promotes invasion. To further investigate the ability of ADAM9-S to promote invasion, we did Matrigel assays using purified ADAM9-S. 1,10-Phenanthroline, a metalloprotease inhibitor, strongly inhibited ADAM9-S-induced Matrigel invasion of clone A cells compared with control-treated cells, suggesting a role for the metalloprotease activity of ADAM9-S in invasion (Fig. 4A) . To assess whether the metalloprotease domain of the purified ADAM9-S was catalytically active, we did gelatin zymography using purified ADAM9-S. A gelatinolytic band migrating at 55 kDa was detected (Fig. 4B) . This 55-kDa band was confirmed to be ADAM9-S by parallel immunoblot analysis (data not shown). Immunodepletion of ADAM9-S as well as treatment with 1,10-phenanthroline completely blocked gelatinolytic activity, thus confirming that ADAM9-S isolated from HSCs functions as a protease (Fig. 4B) . It is worth noting that 1,10-phenanthroline is a broad-range metalloprotease inhibitor, so it is formally possible that the effects observed here could be due to inhibition of other ADAMs or even other matrix metalloproteases.
ADAM9-S cDNA was cloned by RT-PCR amplification from mRNA isolated from activated human HSCs. A 1725 bp product was obtained corresponding to an open reading frame of 575 amino acids. Myc-tagged ADAM9-S was transiently expressed in HeLa cells to verify expression. Immunoblotting of the transfected cells with anti-Myc revealed expression of a 55-kDa protein in both total cell lysate and culture medium (data not shown). To further evaluate whether ADAM9-S cloned from activated HSC encodes a functional protein capable of promoting invasion, Matrigel assays were carried out in Caco-2 cells, a noninvasive colon cancer cell line that does not express endogenous ADAM9-S. We observed a 5-fold increase in Matrigel invasion in Caco-2 cells transiently expressing ADAM9-S compared with control transfected cells (Fig. 4C) . A change in cell morphology of the transfected cells was also observed, consistent with a more aggressive motile phenotype.
ADAM9-S promotes carcinoma cell invasion through the binding of laminin receptors. It has been shown that the integrins a 6 h 4 and a 2 h 1 function as laminin-1 receptors in clone A colon carcinoma cells and mediate cell migration through laminin-1 (32, 33) . We therefore evaluated whether ADAM9-S could interact with these integrins and influence invasion. Cells were first preincubated with human recombinant ADAM9-S and then allowed to interact with distinct anti-integrin antibodies. AD-AM9-S was able to decrease the binding of anti-a 2 , anti-a 6 , anti-h 1 , and anti-h 4 antibodies to these integrin subunits in clone A cells, indicating that ADAM9-S competes for binding to integrins (Supplementary Fig. S2 ). We also did quantitative adhesion assays on wells coated with recombinant ADAM9-S using clone A cells preincubated with specific anti-integrin antibodies. Preincubation with antibodies to a 2 , a 6 , h 1 , and h 4 integrins significantly reduced clone A cell adhesion to recombinant ADAM9-S, whereas no effect was observed on adhesion to a 3 , a 5 , and control IgG (Fig. 5A) . Coimmunoprecipitation experiments also revealed binding of recombinant ADAM9-S to integrin a 2 , a 6 , h 1 , and h 4 subunits but not to a 3 or a 5 subunits (Fig. 5B) . Finally, we determined whether the binding of ADAM9-S to a 6 h 4 and a 2 h 1 is functionally relevant for invasion. ADAM9-S stimulated invasion through laminin-1 when cells were treated with control IgG; however, both basal invasion and ADAM9-S-stimulated invasion were strongly attenuated in the presence of function-blocking integrin antibodies (Fig. 5C) . Therefore, the interaction of ADAM9-S with a 6 h 4 and a 2 h 1 is required for invasion through laminin.
To further show that ADAM9-S is catalytically active against laminin, laminin gel zymography was done. A laminin lytic band was detected in the zymogram and shown to be ADAM9-S by immunoblot analysis (Fig. 6A ; data not shown). As expected, 1,10-phenanthroline inhibited the laminin lytic activity of ADAM9-S. Moreover, a synthetic peptide, which mimics the ADAM9-S disintegrin loop (GKTSECDVPE), potently blocked invasion of clone A cells expressing ADAM9-S when compared with control peptide (Fig. 6B) . Finally, when clone A cells expressing ADAM9-S were preincubated with the disintegrin loop peptide, there was a significantly impaired attachment of cells to laminin-1, such that most cells showed a round morphology and were not able to spread (Fig. 6C) .
ADAM9 expression in human liver metastases. To emphasize the relevance of ADAM9 expression in HSCs with respect to invasive disease, we examined the pattern of expression in sections from human liver metastases by immunohistochemistry. A total of 23 specimens of liver metastatic tissue were examined, 19 from colon adenocarcinoma and 4 from uveal melanoma (Fig. 7) . Serial sections were also stained against a-SMA to identify HSCs (Fig. 7A2  and B2 ). Sections were taken from the interface between the tumor and the adjacent liver (junctional specimen). Initial examination revealed that all specimens tested were positive for ADAM9 expression, with a staining pattern almost exclusively confined to the stroma. Closer examination revealed that ADAM9 expression was most prominent at the invasive front of the metastatic tumor in both colon metastases (Fig. 7A1 and A3 ) and uveal melanoma metastases ( Fig. 7B1 and B3) . ADAM9 expression was evident primarily in cells at the tumor-stromal interface, particularly in cells infiltrating the dense fibrous stroma and in tight contact with tumor cells that seemed to be engaged in invasive activity (solid arrows; Fig. 7A3 and B3) . Moreover, we also detected ADAM9 staining in the stromal cells surrounding the tumor (open arrows; Fig. 7A4 and B4) . Finally, in all cases, both the tumor cells and the liver hepatocytes were negative for ADAM9 expression (solid arrows; Fig. 7A1 and B1) .
Discussion
Tumor invasion and metastasis are complex processes with genetic and biochemical determinants that are not completely understood. The two processes share mechanisms that are closely related, because both use similar strategies involving changes in the physical coupling of cells to their microenvironment and activation of extracellular proteases. Here, we report that a soluble form of ADAM9 (designated ADAM9-S) is secreted by activated human HSCs and potently promotes cancer cell invasion.
During tumor progression, changes in the stroma support invasion and metastasis (34, 35) . The host stromal component of invasive carcinoma is characterized by an abundance of myofibroblasts, including HSCs in their activated state (5, 36, 37) . As part of our screening strategy to identify soluble factors released by activated HSCs, we noticed that the CM of activated human HSCs is endowed with potent invasion-promoting activity toward several cancer cell types, particularly those that preferentially metastasize to the liver. Importantly, CM collected from quiescent, nonactivated HSCs did not promote invasion, indicating that this activity is exerted by liver myofibroblast-like cells in the context of stromal activation induced during tumor invasion (Fig. 8) . These results are also in agreement with previous studies that made use of activated rat HSCs, further indicating that this cell type is able to secrete factors that influence cancer cell motility (8, 38) . Biochemical and proteomic analyses revealed that one of the soluble factors released by these cells is ADAM9-S.
ADAM9, also known as meltrin g or metalloprotease disintegrin cysteine-rich protein-9, was originally described by Blobel et al. as an 84-kDa transmembrane cell surface protein (20) . Although ADAM9 is generally considered a transmembrane molecule, a secreted form of ADAM9 (ADAM9-S), which displays an a-secretase activity for the amyloid precursor protein, has recently been described (31) . In our studies, we found that ADAM9-S is only expressed during the activation of HSCs. Consistent with this notion, we found that ADAM9-S is derived from alternative splicing Figure 5 . ADAM9-S promotes carcinoma cell invasion by binding to laminin receptors. A, clone A cells were resuspended in the presence or absence of blocking mAbs (10 Ag/mL) to different integrin subunits before the adhesion assay and then plated on ADAM9-S precoated wells. B, clone A cells were incubated with 20 Ag/mL soluble recombinant ADAM9-S (A ) or control buffer (c ) for 30 minutes and then lysed and integrin subunits were immunoprecipitated using specific antibodies. ADAM9-S was detected by immunoblotting. C, clone A cells were incubated for 30 minutes with anti-integrin blocking antibodies (10 Ag/mL; a 2 : P1E6, a 6 : GoH3, h 1 : mAb13, and h 4 : 3E1) or control IgG followed by a further incubation for 30 minutes with ADAM9-S. Laminin-1 invasion assays were then done. All experiments were carried out in triplicate. Bars, SD.
due to the in-frame insertion of an additional exon, which is absent in the transmembrane ADAM9-L protein. Interestingly, these findings recapitulate previous observations on the human ADAM11 and ADAM12 genes, which are also alternatively spliced and generate two different transcripts, one encoding the transmembrane form and the other a truncated soluble form that lacks the transmembrane and cytoplasmic domains (39, 40) .
The functional relevance of ADAM9-S in tumor cell invasion was revealed by the finding that expression of ADAM9-S in noninvasive colon carcinoma cells Caco-2 induced a highly invasive phenotype. This activity was blocked by metalloprotease inhibitors, and because the metalloprotease domain of ADAM9 shows a nonspecific catalytic activity against several substrates, such as gelatin, h-casein, fibronectin, and insulin B-chain (21, 41) , it is possible that other domains in ADAM9-S could influence the metalloprotease activity toward specific target membrane receptors presumably required for the invasive process. We reasoned that the ADAM9-S disintegrin domain is a good candidate for such a domain, because several disintegrin domains have been shown to support integrin-mediated cell adhesion (42) (43) (44) and also because adhesion to ECM components through integrins is a prerequisite for tumor invasion (1) . One of the best understood integrin dimers capable of creating the necessary traction forces required to generate forward movement during colon carcinoma invasion is the laminin receptor a 6 h 4 (45) . In addition, a 2 h 1 , commonly considered a collagen receptor, is actually employed as a laminin-1 receptor by clone A colon carcinoma cells (46) . Consistent with this, we found that ADAM9-S can bind a 6 h 4 and a 2 h 1 integrins that are expressed in clone A colon carcinoma cells, leading to a marked increase in the invasion of these cells through laminin-1. ADAM proteins bind integrins through the disintegrin domain, and a region in the so-called disintegrin loop in ADAMs is responsible for the interaction. All ADAMs, except for ADAM10 and ADAM17, contain a disintegrin loop motif (47) . Previous studies have shown that at least 12 members of the ADAM family, including ADAM9, contain a potential XECD integrinbinding motif and that this motif can efficiently inhibit fertilin h/ a 6 h 1 interactions, which occur between sperm and egg cells (48, 49) . Inhibition of integrin binding to ADAM23 by the disintegrin loop has also been shown (50) . Our results are also consistent with an important role for the ADAM9-S disintegrin loop in modulating the interaction with a 6 h 4 and a 2 h 1 integrins.
Finally, we investigated the expression of ADAM9 in surgical specimens obtained during liver resections of hepatic metastases from colon carcinomas and uveal melanomas. These are both tumors that preferentially metastasize to the liver. We found a strong expression of ADAM9 in the stroma and at the invading front of liver metastases, with a clear codistribution with a-SMApositive stromal cells, likely representing HSCs in their activated state. These findings agree with previous reports describing increased mRNA levels of ADAM9 and ADAM12 in hepatocellular carcinoma and colorectal liver metastases (23) . Similarly, expression Figure 6 . The disintegrin domain of ADAM9-S is required for invasion. A, recombinant ADAM9-S (1 Ag) was resolved under native conditions and analyzed by laminin gel zymography (left). 1,10-Phenantroline (100 Amol/L) was added to the zymograms where indicated. Densitometric quantification (right ). B, clone A cells expressing ADAM9-S were preincubated with 20 Ag/mL synthetic peptide GKTSECDVPE or control peptide TLKEDTVCPS and then allowed to invade through laminin-1-coated filters. C, analysis of cell morphology of clone A cells expressing ADAM9-S on laminin-1. Twenty-four hours after transfection with ADAM9-S, cells were preincubated with 20 Ag/mL synthetic peptide (GKTSECDVPE) or control peptide (TLKEDTVCPS) and then allowed to adhere to laminin-1 precoated dishes. After 1 hour, cells were photographed (magnification, Â100). All experiments were carried out in triplicate. Bars, SD. ***, P < 0.001.
of ADAM9 in non-small cell lung cancer has been correlated with brain metastases (24) ; furthermore, ADAM9 expression in pancreatic cancer has been suggested to be a prognostic factor in ductal adenocarcinoma (51) . However, our studies, for the first time, point to the stromal component of an invasive tumor as the source of ADAM9 expression and thus suggest a functional role for stroma-derived ADAM9 in the context of local invasion of metastatic cancer cells. It is important to stress that the expression of ADAM9 was not detected in carcinoma cells or in hepatocytes. The observation that ADAM9 is expressed by a-SMA-positive/activated HSCs in cirrhotic liver tissue further confirms that the expression of this protease is related to the Figure 7 . ADAM9 expression in human liver metastatic colon adenocarcinoma and uveal melanoma. Tissue specimens derived from colon carcinoma (A1 -A4) and uveal melanoma (B1-B4 ) metastasized to the liver were immunostained with anti-ADAM9 (A1, A3 , A4, B1, B3 , and B4 ). Serial sections were also stained with anti-a-SMA (A2 and B2). Highlighted are the preferential localization of ADAM9 at the invasive front of metastatic colon carcinoma (solid arrows ; A3) and uveal melanoma (solid arrows ; B3 ). Expression of ADAM9 in stromal liver HSCs in metastatic colon carcinoma (open arrows ; A4 ) and uveal melanoma (open arrows ; B4). Absence of ADAM9 expression in hepatocytes and tumor cells of metastatic colon carcinoma (solid arrows ; A1 ) and uveal melanoma (solid arrows ; B1 ). activation state of this important component of the hepatic stroma. 5 Although it is tempting to speculate that invading cancer cells secrete soluble factors that influence the activation of HSCs (8, 37) , it is also well established that any perturbation of the perisinusoidal microenvironment, which likely occurs during cancer cell extravasation, leads to HSC activation (52, 53) . It should also be noted that the expression patterns reveled in our study did not discern between the transmembrane ADAM9-L and the soluble ADAM9-S variants, because the epitope for the ADAM9 antibody is shared by both forms. Future studies with specific antibodies, which can distinguish between ADAM9-L and ADAM9-S, may reveal further distinctions, but regardless, the present data point to an important role for this ADAM family member in modulating tumor-stromal interactions at sites of tumor invasion.
In conclusion, the present study supports a role for liver stromal cells, particularly activated HSCs, in modulating invasion through secretion of ADAM9-S. We propose a model in which ADAM9-S produced by activated HSCs acts in a paracrine fashion on liver metastatic carcinoma cells through interactions with integrin receptors for laminin. In this model, ADAM9-S would be localized in a proteolytically active form proximal to the cell surface of invasive cells and could regulate both laminin degradation and cell motility, thereby facilitating invasion (Fig. 8) . Further studies are now required to explore the function of ADAM9-S in liver metastasis in vivo. Exploration of ADAM9 expression and function in other invasive tumors, particularly in the stromal component, may further point to an essential role for this protein in modulating tumor-stromal interactions. The data presented in this study may also provide novel insights for designing more effective strategies aimed at preventing the development of hepatic metastasis. Proposed model for the mechanism by which ADAM9-S promotes invasion of cancer cells. Soluble ADAM9-S is released by activated HSCs and binds to a 6 h 4 and a 2 h 1 integrins on the surface of tumor cells. Through its proteolytic activity, ADAM9-S then promotes invasion by degrading components of the basement membrane, including laminin-1, thus allowing tumor cells to invade the surrounding matrix.
